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High glomerular permeability of bikunin despite similarity in charge
and hydrodynamic size to serum albumin. Bikunin is a chondroitin-
sulphate containing serum protein with a Stokes-Einstein radius and a
negative net charge close to those of serum albumin. The plasma half life
of bikunin is about 10 minutes, and approximately half of its clearance
occurs in the kidneys. The quantitative role of glomerular filtration in the
renal clearance of this protein has not been determined. To assess the
glomerular permeability of bikunin we used isolated rat kidneys that were
perfused with an albumin solution. The metabolic activities of the tubuli
were inhibited by low temperature (8°C). The clearances of radiolabeled
bikunin and albumin were repeatedly determined under identical condi-
tions. The fractional clearance of bikunin was found to be 80 times higher
than that of albumin: 15% 1% versus 0.18% 0.02%. This value for
bikunin can fully account for its renal clearance in vivo. It has previously
been shown that uncharged flexible solutes, such as dextrans, have higher
renal clearances than globular molecules with similar radii. The high
glomerular permeability of bikunin is therefore probably due to its
elongated and flexible configuration. Moreover, the observed clearance
value of the anionic molecule bikunin is close to that of a neutral flexible
dextran of similar size, indicating that the charge of bikunin is of little
importance for its glomerular permeability.
A characteristic property of the glomerular membrane is that it
allows free flow of water and other small plasma solutes but is
almost impermeable to proteins the size of albumin and larger.
The glomerular barrier has been shown to be heteroporous [1, 2],
a property it shares with other microvascular beds [3]. Thus, there
are numerous functional small pores where almost all transport of
fluid and small salutes occurs. An additional shunt pathway
constitutes a small portion of the total pore area but is of great
importance for the convection of macromolecules [2]. Tn addition
to size, the net charge has been shown to be an important
determinant for the glomerular permeability of macromolecules,
increasing negative charge leading to decreasing passage [4, 5].
Much of our current knowledge of the glomerular barrier is based
on results obtained with dextrans of various sizes and charges
[6—8]. Naturally, studies with native proteins would be more
relevant, but these are difficult to perform mainly due to the fact
that tubular reabsorption and secretion modify the glomerular
ultrafiltrate. While these processes can be suppressed chemically
Received for publication March 19, 1996
and in revised form August 30, 1996
Accepted for publication September 21, 1996
© 1997 by the International Society of Nephrology
[9], the drugs that have been described for this purpose may have
undesired side effects. In the present study we have instead
inhibited metabolic activities with low temperature [10]. Rela-
tively few experimental studies have dealt with the effect of solute
shape [11—13]. The obtained results suggest that flexible neutral
molecules such as dextran are transported 2 to 10 times faster
than spherical neutral salutes of similar size [11—13]. It should be
noted, however, that the results obtained for dextrans have been
questioned on several grounds (see Discussion and [4]).
Bikunin is a plasma protein consisting of a 16 kDa polypeptide
chain, an 8 kDa chondroitin sulphate chain and an I kDa N-linked
oligosaccharide [14]. The polypeptide consists of two tandemly
arranged proteinase domains of the Kunitz type [15, 16]. The
chondroitin sulphate chain is low-suiphated with all sulphate
groups close to the link region [17]. Clearance studies of radiola-
beled bikunin in rats [181 and mice [19] have yielded half-lives of
about 10 minutes. In the rat study, it was shown that the kidneys
contribute to roughly half of the uptake [18]. Autoradiographic
analyses revealed labeled bikunin in the proximal tubuli within
minutes after intravenous injection, suggesting that it could pass
readily through the glomeruli. However, the fact that the hydro-
dynamic size and charge of bikunin are similar to those of albumin
[20—221 would argue against glomerular filtration being the major
mechanism of its renal clearance. To clarify the mechanisms of
clearance we have determined the glomerular permeability of
bikunin in isolated perfused kidneys using albumin as a reference
substance.
Methods
Kidney preparation
Experiments were performed on 10 male Wistar rats (strain
Møllegaards Ltd, Denmark) weighing 260 to 320 g. Anesthesia
was induced with 50mg kg1 i.p. of pentobarbitone (Mebumal®)
and the tail artery was cannulated for recordings of arterial
pressure (PA) and subsequent administration of drugs. A kidney
was then prepared and perfused as previously described [10]. The
rat was eviscerated through a midline abdominal incision. Mes-
enteric arteries were selectively ligated. Diuresis was induced by
the injection of 2 mg kg' of furosemide, thus simplifying
cannulation of the ureter with a PE-25 cannula. The aorta was
freed from branches and surrounding tissues at a level between
the liver hilus and the iliolumbar arteries allowing for cannulation
at a later stage.
1053
1054 Lindström et al: Glomerular permeability of bikunin
After heparinization (3000 IU kg1), the aorta was clamped
distal to the renal arteries and cannulated a few millimeters distal
to the clamp in the retrograde direction. The clamp was removed,
thus allowing artificial perfusion of the kidneys by means of a
pulsatile pump. The aorta was then clamped proximal to the left
renal artery and the caval vein was opened for venous outflow.
Great care was taken not to touch the kidneys during the
preparation and they were adequately perfused during the entire
preparation procedure. The average dry weight of the kidney was
0.20 0.01 g corresponding to a wet wt of 1.2 g [10]. The kidneys
were perfused at 8°C in order to inhibit metabolic tubular
functions as well as energy consumption and myogenic tone [23,
24]. Furosemide was present in the solution to further reduce
tubular reabsorption. A was measured with a T-tube placed close
to the aortic inlet. The urine was collected in small vials, which
were continuously weighed for assessment of urine flow. A and
weight changes were recorded on a Grass polygraph.
Perjiisates
A modified Tyrode-albumin solution was used with the follow-
ing composition: 148 m Na, 4.9 mrvi K, 2.5 m Ca, 0.83 m Mg,
134 mri Cl, 25 mi HCO3, 0.5 mi H2P04, 5.6 m glucose and
human albumin (Immuno Sweden AB) at a concentration of 15 g
• liter'. The perfusate also contained furosemide (10mg liter)
and sodium nitroprusside (0.27 mg liter ')[10]. The solution was
made with fresh distilled water (Millipore, USA) with a resistance
of 18.2 M flcm'. The perfusate was kept in a thermostatically
controlled bath at 8°C and was bubbled with 5% CO2 in oxygen.
It passed through bubble traps and a thermoequilibrator (8°C)
placed close to the kidney.
Tracers
For the determination of glomerular filtration rates (GFR),
51Cr-EDTA (CJ.13P, Amersham, UK) was added to the perfusate
(0.34 MBq liter ). Aliquots of perfusate and urine were
collected in vials and their radioactivity measured. In accordance
with previous measurements [10], a urine over plasma concentra-
tion ratio (U/F) of 1.1 was obtained. This value was used in the
calculations of GFR according to the equation, GFR = U/P
urine flow.
Bikunin was isolated from rat urine and labeled with 125j to a
specific radioactivity of 3 1 MBq • tg protein as previously
described [14, 18, 25]. The labeling was assessed by polyacryl
amide gel electrophoresis followed by autoradiography: 80 to 90%
of the radioactivity was in a band of the expected apparent
molecular mass.
Human serum albumin was measured with a radioimmuno
assay (Kabi Pharmacia Diagnostics AB, Sweden).
Experimental protocol
The kidneys were first perfused for 10 to 15 minutes with the
albumin-containing solution. During the subsequent 10 to 15
minutes, control values of the glomerular filtration rate (GFR)
and albumin clearance were obtained. Radiolabeled rat bikunin
was then added to the albumin solution and the perfusion
continued for another 30 minutes. Urine samples were repeatedly
collected for determination of GFR and fractional clearance of
albumin and bikunin. The perfusion flow rate was constant
throughout the experiment. Shortly after each experiment the
urine samples were subjected to desalting chromatography and
the amount of free and protein associated radioactivity deter-
mined.
Physical characterization of bikunin
The diffusion constant of '251-labeled rat bikunin was deter-
mined in a shear cell as previously described [26]. The sedimen-
tation of bikunin at 0.2 mg mL1 was analyzed with an ultracen-
trifuge equipped with a UV-scanner (Centriscan 75; MSE, UK).
The partial specific volumes of the polypeptide (0.71 ml/g) and the
N-linked oligosaccharide (0.63 ml/g) were calculated as described
[27]. The value for the chondroitin sulfate (0.62 mug) was
estimated from the partial specific volumes determined for gly-
cosaminoglycans of different degrees of sulfation [28, 29]. For the
determination of the electrophoretic mobility of bikunin, the
1251-labeled protein was applied on a horizontal agarose gel of
0.5%. The electrodes were separated from the gel by wicks of
filter paper. The buffer throughout the system was 50 m Na-
barbital-HC1, pH 7.4. The pH of the gel changed less than 0.2
units during the experiment and the temperature was 22 to 28°C.
Statistics
Results are presented as mean SE. The paired design,
Student's t-test was performed where appropriate.
Results
Petfusion
The kidneys (N = 10) were perfused at flow rates of 6.7 0.5
ml min ', giving arterial pressures of 53 2 mm Hg. Vascular
resistance, PRU100, was 0.08 0.01 mm Hg• min 100 g ml1 and
fell slightly with time to 0.07 0.01 (P < 0.001). The glomerular
filtration rate (GFR) was 0.90 0.06 ml min1 g dry wt
throughout the experiments.
Initially, the fractional albumin clearance (0) was 0.15%
0.02% and increased slightly during the course of the experiment
(c.f. [30]), reaching 0.18% 0.02% (P < 0.01) during the bikunin
period (Fig. 1). Analysis of the perfusate and the urine in each
experiment by desalting chromatography followed by radioactivity
measurements showed that 85 to 90% and 60 to 65%, respectively,
of the total radioactivity was found in high molecular weight
components. The fractional clearance for intact bikunin was 15%
1% (Fig. 2).
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Fig. 1. Fractional clearance of albumin in perJhsed kidneys. The open
circles represent samples taken before radiolabeled bikunin was added, as
described in Figure 2.
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Fig. 2. Fractional clearance of intact hikunin. Isolated kidneys were per-
fused with an albumin solution and radiolabeled bikunin was added after
30 to 40 minutes.
Bikunin has previously been shown to be sensitive to proteolytic
cleavage near its N-terminus leading to release of the chondroitin
sulphate chain [311. We used gel filtration to assess if such
cleavage had occurred. However, the low temperature used would
drastically reduce all proteolytic activity. In the material added to
the perfusate most of the total radioactivity was in the form of
intact bikunin (Fig. 3, closed circles, peak 1). There was also a
minor component eluted after bikunin (peak 2), which represents
the cleavage products described above. The chromatogram also
shows the presence of radioactive components of low molecular
weight (peak 3). These eluted after the total volume of gel (V1)
typical of iodotyrosine. In the urine samples the relative amounts
of the degradation products were higher. This difference can be
accounted for by glomerular filtration1 without any further deg-
radation.
Physical characterization of bikunin
The sedimentation coefficient for rat bikunin when calculated
for 20°C was 1.8 0.1 S. Similar values (2.04 S and 2.14 5) have
previously been reported for human bikunin [32, 331. Determina-
tion of the diffusion constant for rat bikunin yielded a value of
5.8 1.1 iO cm2 - sec, which is close to that reported by
Zendzian [331 for human bikunin, but only half of that obtained by
Shulman for the same protein [321. Albumin was analyzed during
identical conditions and was found to have a diffusion constant of
6.1 0.3 iO cm2 sec', in agreement with earlier results [261.
These diffusion constants yielded Stokes Einstein radii of 34 to
36A. Thus, albumin and bikunin have similar radii as judged both
by their diffusion coefficients and by their elution volumes upon
gel chromatography [14, 31].
The total radioactivity of the perfusate (P) is the sum of intact bikunin
(B = 90% of F) and "free" 1251-tyrosine (F = 10% of F). Intact bikunin
crosses the glomerular barrier with a sieving coefficient close to 15%,
giving a urine concentration of 0.15 B = 0.15 •O.90• P = 0.14 P. The low
molecular component, on the other hand, passes freely across the glomer-
ular membrane, giving a urine concentration of 1.0 F = 0.10 P. Thus, if the
amount of intact bikunin in the perfusate is 90%, the corresponding value
for urine would be 58% [= 0.14 P/(0.14 P + 0.10 F)] due to the differences
in glomerular filtration. Also, partly degraded bikunin will have a higher
sieving coefficient than intact bikunin, resulting in an increased relative
concentration in the urine.
Elution volume, ml
Fig. 3. Analysis of radioactive material in urine by gel filtration. An aliquot
of urine collected from a kidney perfused at 8°C was applied on a
Superose 12 column. Fractions (500 .rl) were collected and their radioac-
tivity determined (0, Y-axis to the right). A sample of the stock solution
of radioactive rat bikunin was analyzed in the same way (•, Y-axis to the
left). Peaks I to 3 represent intact bikunin, cleaved bikunin and iodoty-
rosine respectively. V0 shows the void volume and V, the elution volume
of NaC1.
Using gel chromatography, we have previously estimated the
mass of the chondroitin sulphate chain of rat bikunin to 8 kDa
[34]. Bikunin also carries an N-linked oligosaccharide, presumably
of about I kDa. These values together with the amino acid
sequence yield a total mass of 25 kDa. When the mass is
calculated from the sedimentation constant, the diffusion coeffi-
cient and the chemical composition (Fig. 4), a value of 28 kDa is
obtained. Considering the errors in the sedimentation constant
and the diffusion coefficient, this value is not significantly different
from the other mass value. The frictional ratio, which is a measure
of the asymmetry (and/or hydration) of a molecule and which can
be calculated from the hydrodynamic values discussed above, is
2.0 for bikunin. The corresponding value for albumin, which is a
prolate ellipsoid with an axial ratio of 3.5, is 1.3. A molecule with
the same type of shape as that of albumin but with a frictional
ratio like that of bikunin would have an axial ratio higher than 10
[27].
In accordance with earlier observations for human bikunin [35],
we found that the electrophoretic mobility of rat bikunin was
slightly higher (12%) than that of serum albumin. This finding,
together with the fact that the diffusion constant of albumin is
close to that of bikunin, implies that the net surface charges of the
two proteins are similar.
Discussion
The major finding of this study is that the glomerular perme-
ability of bikunin is about 80 times higher than that of serum
albumin. This result is remarkable in view of the fact that the
Stokes-Einstein radius (re) for bikunin is close to that of serum
albumin (36 A) as is the net surface charge. However, bikunin
differs from albumin in being more elongated (Results). Our
present understanding of the function of the kidneys suggests that
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a large anionic molecule like bikunin should be repelled by the
negatively charged glomerular capillary wall.
The current understanding of the influence of the shape of a
molecule on its glomerular permeability is mainly based on studies
with dextran, a slightly branched polymer of glucopyranose and
ficoll, a highly cross-linked copolymer of sucrose and epichioro-
hydrin. Dextran acts as a random coil [361 and can pass through
pores with radii even smaller than the molecule itself [37—39]. In
contrast, ficoll has a rigid, spherical structure in solutions. Two
different studies have yielded up to 10 times higher glomerular
permeabilities for dextrans than for ficolls of the same hydrody-
namic size [11, 12]. Consistent with these results, the fractional
clearance of the globular protein horseradish peroxidase (HRP, r
32A [401) was found to be seven times less than that of a dextran
of the same size [13]. Note that the results of the present study
indicate an effect of solute shape that is one order of magnitude
greater.
There is a growing scepticism about the use of dextran as a
tracer for glomerular permeability. Dextran has been shown to
reduce the reflection coefficient2 for albumin, indicating a direct
effect on the pores in the capillary wall [41, 42]. Similar effects
have been observed in skeletal muscles [43]. Furthermore, recent
studies have shown that uptake of sulphated dextran by glomer-
ular cells results in desulphation [44—47]. Moreover, depending
on its size, sulphated dextran binds to plasma proteins to a
variable degree [48]. Therefore, the current model of the glomer-
ular barrier has to be reconsidered, which calls for more studies
using proteins [4].
What is the mechanism for the fast passage of bikunin over the
glomerular membrane? Studies on artificial membranes may shed
light on this question [49, 50]. When the passage of (linear)
polystyrene polymers through membranes with pores of different
radii were analyzed it was noted that for polymers with a radius
greater than the pore, the reflection coefficient fell with increasing
flow rates from unity towards zero at high flow rates. The
relationship was independent of polymer and pore size for the
larger solutes. The high flow rates probably induce polymer chain
deformation at the pore entrance, orientating the chain in an axial
direction and thus facilitating the passage through the pore [49,
501. There is, however, a discrepancy between the data obtained
from artificial membranes and in vivo data. Thus, the transglo-
merular passage of dextran polymers shows a marked restriction
with increasing molecular radius (> 40A) [2, 12]. In contrast, the
high molecular weight polymers in artificial membrane studies
showed relatively low reflection coefficients during convection
[49]. One possible explanation is that dextrans may require higher
flow rates in vivo to become elongated and less restricted than do
polystyrenes in Cd4 [49, 50]. Another possibility is that the
glomerular membrane is better described by more complex fiber
matrix models than the traditional pore concepts [51, 52].
The impact of molecular charge on the transglomerular passage
of solutes is currently debated [4] on several grounds. First, the
findings that sulphated dextran binds to cells [46] and proteins
[481 calls for caution in the interpretation of such studies, though
2 The reflection coefficient (u) describes the restrictive nature of the
membrane for a particular solute. A a- equal to 1 is a perfectly semiper-
meable membrane allowing for passage of solvent but not of the solute.
On the other hand, a a- of zero implies no restriction for the solute.
Fig. 4. Schematic representation of rat bikunin adapted from Hochstrasser
et a4 1981 [59/. Each amino acid residue is shown as a filled circle and
each sugar residue as an open square.
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some authors have corrected for the latter effect [48, 53]. Second,
recent results using anionic and neutral HRP [401 suggest that the
negative charge barrier is weaker than previously suggested [6, 7].
Furthermore, the fractional clearance of the anionic bikunin
obtained in the present study is comparable to the reported values
for a neutral flexible dextran of similar size [2, 481. This finding
suggests that charge repulsion is less important for elongated
solutes like bikunin. The validity of this statement is strengthened
by the fact that dextran clearance, if anything, might be overesti-
mated due to its potential effects on capillary permeability [41—
43]. Thus, the quantitative effects of the established negatively
charged barrier must be further studied.
Is the previously reported plasma half life of bikunin (10 mm)
consistent with the observations in the present study? In vivo, the
kidneys seem to account for half the clearance, suggesting a renal
t½ of 20 minutes [18]. This half time can be converted into
clearance using previously published data. With a plasma volume
(PV) of 3.7 ml 100 g1 [541, the renal clearance (Cl) of bikunin3
would be 0.13 ml min1 100 g1. The glomerular filtration rate
is 0.96 ml min 100 g [55], implying that the fractional
clearance of bikunin is 13%, that is, close to the value obtained for
the isolated kidneys. Glomerular filtration can therefore account
for the renal clearance of bikunin in intact rats.
Does the isolated perfused rat kidney (IPK) reflect the situation
in the kidneys in vivo? It is well established that the fractional
clearance for albumin is higher in the IPK model than in vivo,
namely, 0.1 to 1% versus a value close to 0.05% [56—58]. This is
true also in this study where the tubular activity is inhibited by low
temperature. One probable explanation for this difference is that
the so-called in vivo values are underestimates of the "true"
fractional clearance due to postglomerular protein degradation.
Alternatively, the present fractional clearance for albumin of
0.18% in the cooled IPK may reflect a slight increase in the
number of large pores. Correcting for such an increase in capillary
permeability will not significantly affect the bikunin clearance of
15%, nor will it influence any conclusions based on the compar-
ison between albumin and bikunin.
In summary, we have found that an elongated protein, bikunin,
had a higher renal fractional clearance than a more globular
protein of similar hydrodynamic size and net surface charge. We
conclude that shape is far more important for glomerular perme-
ability than has been considered hitherto, and in the case of
bikunin, it actually outweighs the effects of molecular charge.
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